Abstract: Human MICAL1 is a member of a recently discovered family of multidomain proteins that couple a FAD-containing monooxygenase-like domain to typical protein interaction domains. Growing evidence implicates the NADPH oxidase reaction catalyzed by the flavoprotein domain in generation of hydrogen peroxide as a second messenger in an increasing number of cell types and as a specific modulator of actin filaments stability. Several proteins of the Rab families of small GTPases are emerging as regulators of MICAL activity by binding to its C-terminal helical domain presumably shifting the equilibrium from the free -auto-inhibited -conformation to the active one. We here extend the characterization of the MICAL1-Rab8 interaction and show that indeed Rab8, in the active GTP-bound state, stabilizes the active MICAL1 conformation causing a specific four-fold increase of k cat of the NADPH oxidase reaction. Kinetic data and small-angle X-ray scattering (SAXS) measurements support the Abbreviations: ADLTE, autosomal dominant lateral epilepsy; bMERB, bivalent MICAL/EHBP Rab-binding domain; CasL, Crk (p38)-associated substrate-related protein; CC, coiled-coils; CH, calponin homology; CRMP, collapsin response mediator protein; DTT, dithiothreitol; EHBP, Eps15 homology domain-binding proteins; EMT, epithelial-mesenchymal transition; ESCRT, Endosomal Sorting Complex Required for Transport; F-actin, filamentous actin; G-actin, globular actin; GEF, GTP-exchange factor; GppNHp, guanosine 5 0 -[β,γ-imido]triphosphate; ITC, isothermal titration calorimetry; LIM, domain found in Lin11, Isl-1, and Mec-3 proteins; K d , dissociation constant; K m , Michaelis-Menten constant; k cat , turnover number; MICAL, the Molecule Interacting with CasL; MICALcL, MICAL-like protein containing only the C-terminal domain; MICAL-L1 and MICAL-L2, MICAL-like Proteins 1 and 2; MO, monooxygenase-like domain; MOCH, truncated MICAL form comprising the MO and CH domains; MOCHLIM, truncated MICAL form comprising the MO, CH and LIM domains; NADP(H), (reduced) nicotinamide dinucleotide phosphate; NDR, nuclear Dbf2-related; PHBH, p-hydroxybenzoate hydroxylase; PI3K, phosphatidylinositol-4,5-bisphosphate 3-kinase; PIP2, phosphatidylinositol bisphosphate; pOHBz, p-hydroxybenzoate; RBD, Rab-binding domain; SAXS, small-angle X-ray scattering; SDS, sodium dodecyl sulfate; SEC, size exclusion chromatography; SH3, Src homology domain-3. Published by Wiley © 2018 The Protein Society formation of a 1:1 complex between full-length MICAL1 and Rab8 with an apparent dissociation constant of approximately 8 μM. This finding supports the hypothesis that Rab8 is a physiological regulator of MICAL1 activity and shows how the protein region preceding the C-terminal Rab-binding domain may mask one of the Rab-binding sites detected with the isolated C-terminal fragment. SAXSbased modeling allowed us to propose the first model of the free full-length MICAL1, which is consistent with an auto-inhibited conformation in which the C-terminal region prevents catalysis by interfering with the conformational changes that are predicted to occur during the catalytic cycle.
Introduction
Human MICAL1 is a multidomain protein that couples an N-terminal FAD-containing domain (Residues 1-489) to a calponin homology domain (CH, Residues 510-613), a LIM domain (from Lin-11, Isl-1, and Mec-3 gene products, Residues~688-756) and a Cterminal region, which harbors several functional fragments and is believed to be the main site of regulation of MICAL catalytic activity (Fig. 1 ).
MICAL1 is a member of the relatively recently discovered family of MICAL proteins (from the Molecule Interacting with CasL 1 ), which are conserved from insects to mammals and have been proposed to play multiple roles in cells, as well as to be subjected to (tight) control by interacting proteins, covalent modification and, perhaps, small molecules (see Refs. [2] [3] [4] [5] [6] [7] for recent reviews).
In mammals MICAL1, MICAL2, and MICAL3 are encoded by different genes, while there is only one gene encoding MICAL in the model organism Drosophila melanogaster.
MICALs are being implicated in a rapidly growing number of fundamental processes, including cell-cell contacts, cell division, differentiation and migration, epithelial-mesenchymal transition (EMT), axon growth and steering, formation of neuro-muscular junctions, vasculogenesis, cardiogenesis, pathogen infection, vesicle trafficking, and gene transcription. 2, 4, 6 Modulating MICAL1 and MICAL2 levels has been shown to be beneficial in reversing EMT, which is at the basis of metastatization in cancer. 8, 9 MICAL1
inhibition has been proposed to promote axon regeneration following degeneration or spinal cord injury. [10] [11] [12] Very recently, mutations in the gene encoding MICAL1 have been found to cause autosomal dominant lateral epilepsy (ADLTE), a rare genetic disease. 13 In these processes, MICAL may serve as a scaffold to organize and modulate interacting proteins. LIM domain containing two zinc finger motifs; GD? indicates a potential globular domain identified by Robetta modelling, which contains the Pro-rich motif typical of regions binding to SH3 domains and a Glu-rich region; RBD, Rab-binding domain as identified by 45, 46 . The experimental (4TXI, 2CO8, 5LE0) and modeled (GD?) structures of the MICAL1 domains are also shown in ribbon. These and other structural models have been drawn with CCP4 MG. 70 As a result MICAL may interfere with the organization of tight junctions and intermediate filaments (through, e.g., interaction with CasL 1 ) or with apoptosis (through, e.g., interaction with nuclear Dbf2-related (NDR) kinases). 14, 15 Several functions of MICALs require the intactness of their conserved N-terminal FAD-containing domain (e.g. Refs. [16] [17] [18] ). The latter catalyzes a NADPH oxidase reaction producing hydrogen peroxide, 19 which may serve as a second messenger and lead to modulation of activity of target proteins through H 2 O 2 -mediated oxidation, as proposed for the regulator of microtubules assembly collapsin response mediator protein-2 (CRMP2), 20 or the activation of the signaling pathway formed by phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) and the serine-threonine protein kinase Akt leading to breast cancer cell invasion. 9 In the presence of filamentous actin (F-actin), the velocity of NADPH oxidation is greatly enhanced due to a decrease of K m for NADPH and an increase of k cat for MICAL1. 21, 22 Qualitatively similar effects have been observed for the isolated mouse MICAL2 flavoprotein domain, 23 and the Drosophila protein. 18, 24 Such NADPH-dependent reaction catalyzed by the flavodomain causes oxidation of actin residues thereby weakening the filament and promoting its disassembly. [24] [25] [26] [27] Thus, this catalytic activity makes MICAL unique among actin-binding proteins, which typically promote actin assembly or disassembly upon binding interactions. [28] [29] [30] [31] Whether oxidation is limited to conversion of Met44 and Met47 of the actin Dloop to methionine sulfoxide residues following a switch from an oxidase to a hydroxylase activity (as proposed in Refs. 18, 26, 32 ) or oxidation of several residues (including the two methionine residues) takes place through in situ production of hydrogen peroxide (as supported by other data 21 ) is still a debated issue. Both proposals are consistent with the known structure of mouse MICAL1 flavoprotein domain, which has been solved at 1.45-2.9 Å resolution (PDB ID: 2BRA, 2BRY, 2C4C, isolated domain 19, 33 ) and 2.3-2.9 Å (Fragment 2-615 comprising the flavoprotein and the CH domains, PDB ID: 4TXI, 4TXK 34 , Fig. 1 ). The flavoprotein domain is structurally similar to bacterial p-hydroxybenzoate hydroxylase (PHBH), the prototype of enzymes of the class of FAD-containing aromatic monooxygenases, [35] [36] [37] which, however, shares a common fold with enzymes of the oxidase family such as, e.g., D-amino acid oxidase. 38 The similarity with PHBH, which is low at the primary structure level, 3 extends to the conformational change from a "flavin out" (PDB ID: 2BRA and 2BRY 19, 33 ) to a "flavin in" conformation triggered by reduction by NADPH (PDB ID: 2C4C 33 ) and to the conservation of residues that in PHBH are implicated in NADPH binding. 3, 19, 33 For this reason, we have previously referred to this domain as the MO domain from monooxygenase-like domain 21, 22 without necessarily implying that it catalyzes a monooxygenase/ hydroxylase reaction. Rather, we have proposed that the MICAL1 MO domain is a bona fide NADPH oxidase and that the intrinsic flexibility of enzymes of the PHBH family is exploited to add another layer of control of MICAL's activity.
2,21
The CH domain was postulated to promote interaction with F-actin on the basis of its presence in actin-binding proteins. This concept is supported by work on the mouse MICAL1 MOCH form. 34 However, it was found to have a modest effect on the interaction of human MICAL1 with F-actin, 21 a finding that is consistent with lack of actin binding of the isolated CH domain 39 and that two tandem CH domains are found in actin-binding proteins of the actinin family, 40, 41 taken as the prototype of proteins containing CH domains. Whether the putative phosphatidylinositol bisphosphate (PIP2)-binding site present in this domain has a modulating role has not been explored, yet. Also the specific role of the LIM domain has been poorly explored, but it may assist the Cterminal domain for binding to some of MICAL interactors. 42 The comparison of the spectroscopic and kinetic properties of different MICAL1 forms comprising the flavoprotein MO domain, the MO and CH (MOCH) and the MO, CH, and LIM (MOCHLIM) regions indicates that the CH and LIM domains cause an increase of the K m value for NADPH in the NADPH oxidase activity with little or no effect on the measured k cat . 21 The K m increase was interpreted as due to an electrostatic effect, reinforcing the similarity with PHBH: at pH 7, the overall positive charge of the proteins decreases due to addition of the acidic CH and LIM domains to the basic MO weakening NADPH binding. The C-terminal region of MICAL1 appears to be mainly responsible of the modulation of the catalytic activities of MICAL MO, and also of the scaffold functions of MICAL unrelated to its catalytic activity (see interaction with CasL or NDR kinases 1, 14, 16 ). In the free enzyme, it gives rise to an auto-inhibited form, which was initially proposed by Schmidt et al. 42 Drosophila MICAL was identified thanks to the interaction of this region with the cytoplasmic side of plexin, 16 which is at basis of the activation of MICAL1 at the axon growth cone in response to the binding of the extracellular semaphorin with its plexin receptors. This event results in local disassembly of the actin cytoskeleton in the axon path-finding process. Its Pro-rich region, centered on a PXXP motif, is the likely docking site of Src Homology 3 Domain (SH3)-containing kinases, which could regulate MICAL activity by phosphorylation, as shown in the case of the non-receptor tyrosine kinase Abl and Drosophila MICAL. 7, 43 This kinase has been recently proposed to bind to the PXXP motif in the C- 44 ), which reports that Tyr483 (but not Tyr458), along with Tyr906, is often found to be phosphorylated in highthroughput post-translational modification studies.
Kinetic studies on full-length MICAL1 and on forms progressively lacking the C-terminal region, the LIM domain and the CH domain indicated that the C-terminus leads to a conformational equilibrium between a fully active (open) and a fully inactive (closed) form that lies approximately 9:1 toward the inactive species in free MICAL 21 ( Fig. 2) . Whether binding of PlexA or other proteins to the C-terminal region of MICAL1 actually shifts the equilibrium toward the active MICAL conformation has not been tested experimentally except for proteins of the Rab family, although not on a quantitative level. 17, 45, 46 Indeed, since the early studies on MICALs, proteins of the Rab family of Ras-related small GTPases have been shown to interact with the C-terminal part of the enzyme and they have been proposed to be MICAL regulators, [47] [48] [49] implicating MICALs in the regulation of intracellular membrane trafficking. [50] [51] [52] Rab proteins exist in the active GTP-bound and inactive GDP-bound conformations with the GTP/GDP exchange mediated by GTP exchange factors (GEF 53 ) and it is the GTP-bound active form of Rab that promotes membrane trafficking upon interaction with effector proteins.
Recently, the MICAL-Rab interplay has been highlighted by several studies. It has been shown that MICAL1 is recruited to the cell abscission site by Rab35, leading to both actin cytoskeleton disassembly and recruitment of ESCRT (from Endosomal Sorting Complex Required for Transport) to complete cell division. 46 MICAL3 has also been shown to form a complex with Rab8 and ELKS (so-called from the high content in Glu, Leu, Lys, and Ser residues) 17, 54 in the presence of Rab6, by which it is recruited to exocytic vesicles participating in their trafficking.
17
Rab8 and ELKS also appear to target MICAL3 to the cell mid-body, where MICAL3 seems to function as a protein-binding hub organizing the membranes at the intercellular bridge in the late steps of cell division, 54 rather than through its NADPH oxidase activity. Important studies have dealt with the interaction of several proteins of the broad Rab family in their active (GTP-bound) form with the C-terminal fragments of human MICAL1 (Residues 918-1067) and MICAL3 (Residues 1841-1990), MICAL-like proteins (MICAL-L1 and MICAL-L2, which lack the MICAL MO catalytic domain), and MICAL-cL (a short MICAL-like protein, which also lacks the CH and LIM domains). 45 The studies extended to the analysis of Rab interaction with proteins of the family of Eps15 homology domain-binding proteins (EHBP1 and EHBP1L1), which were found to contain a Cterminal region similar to that of MICAL proteins. The latter, previously classified as domain of unknown function (DUF) 3585, was named bMERB from "bivalent MICAL/EHBP Rab-Binding domain". 45 A parallel study evaluated the binding interaction between Rab35 and the C-terminal Rab-binding domain (RBD) of human MICAL1 following the finding of the recruitment of MICAL1 to the cell abscission site. 46 who solved the structure of the isolated MICAL1 RBD (PDB ID: 5LEO), which appeared monomeric in the crystals (Fig. 1 ). ITC measurements led to conclude that MICAL1 C-terminal RBD (Residues 918-1067) forms a 1:1 complex with Rab35 (a Rab1 family member) in the active (GTP-bound) form. The K d was in the 5-10 μM range. By site directed mutagenesis, the Rab-binding site was identified as the second (conserved) site (Site 2 or Site C) of Rai et al. 45 By directly monitoring single actin filaments in a microfluidic system, Rab35 was also shown to enhance their depolymerization caused by fulllength MICAL1 and NADPH supporting the activating role of Rab upon binding to MICAL's C-terminal RBD. Interestingly, the same experimental approach also showed that MICAL1 is not an actin severing protein.
Rather, when the filaments were incubated with MICAL1 and NADPH, release of actin monomers from the filaments' ends was observed and it continued even after MICAL and NADPH were washed away from the capillary. This result supports the concept that MICAL flavoprotein domain causes F-actin depolymerization through in situ production of hydrogen peroxide rather than through a switch to a methionine monooxygenase activity. Oxidation of several actin residues would destabilize the filament and eventually lead to their release, as discussed before.
2,21
In order to provide a quantitative basis to the activating effect of Rab, and to test if and to what extent the MICAL domains (and linker regions) Nterminal to its RBD influence the interaction with Rab, we undertook the study of the effect of human Rab8 on the catalytic activity of full-length human MICAL1. The results indicate that indeed Rab8 binds to the C-terminal region of MICAL1 stabilizing the active (open) conformation. However, only one molecule of Rab8 binds per MICAL1 molecule with an apparent affinity in the μM range, which is consistent with a regulatory role of Rab8 in the active GTPbound form (Fig. 2) .
The finding that MICAL3 RBD dimerizes both in solution and in crystals and that the dimerization and Rab-binding sites largely overlap 45 ( Fig. 3 ) also suggested that MICAL1 active and/or inactive conformations may be stabilized by dimer formation through their RBD, and that Rab binding could stabilize the monomeric form ( Fig. 2) . Therefore, we have carried out in-line small angle X-ray scattering (SAXS) measurements on MICAL forms subjected to gel filtration (size exclusion) chromatography (SEC-SAXS) in the absence or presence of Rab8. The data indicate that MICAL1 is a compact monomer in solution that could correspond to the closed/inactive conformation of free MICAL1. SEC-SAXS measurements also allowed to detect the formation of a MICAL1-Rab8 complex and support the 1:1 binding stoichiometry observed kinetically.
Results

Effect of Rab8.GppNHp on the absorption spectrum of MICAL1
The absorption spectrum of full-length MICAL1 (~10 μM) in Rab buffer (20 mM Hepes/NaOH buffer, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 , 2 mM DTT) was recorded before and up to 4.5 h after the addition of Rab8 in complex with the GTP analog GppNHp (Rab8.GppNHp, 5-15 μM) at 10 C (not shown). No changes of the absorption spectrum caused by binding of Rab8 to MICAL were observed. This result is consistent with the lack of sensitivity of the absorption spectrum of FAD bound to the MO domain to the presence of the CH and LIM domain and of the Cterminal region, 21, 22 as well as the location of the Rab-binding site in the C-terminal region of MICAL1.
Effect of Rab8.GppNHp and Rab8.GDP on the NADPH oxidase activity of MICAL1 forms
The presence of Rab8 forms in the assays did not alter the overall shape of the activity traces, i.e. there was no indication of time-dependent activation/inactivation of MICAL1 in the presence of varying concentrations of Rab8.GppNHp or Rab8 in complex with GDP (Rab8.GDP, data not shown). Rab8.GppNHp caused an increase of the initial velocity of the NADPH oxidase reaction catalyzed by full-length MICAL regardless of the presence of 50 mM NaCl in the buffer (Fig. 4) . The initial velocity values, expressed as v/E, obtained in the two buffers, at different Rab8.GppNHp concentrations were best fitted with eq. (1), which assumes the formation of a 1:1 complex between MICAL and Rab8.GppNHp. The apparent dissociation constants were similar in the two buffers differing for the NaCl presence and in the 10 μM range (Fig. 4 and Table I ). Rab8.GDP also increased MICAL activity (Fig. 4 and Table I ). In the absence of NaCl in the buffer, Rab8.GDP brought about only a two-fold increase of activity with an apparent dissociation constant of the MICAL-Rab8.GDP complex similar to that observed with the active Rab8.GppNHp form (Table I) . However, the higher ionic strength Rab buffer brought about an approximately 10-fold increase of the apparent dissociation constant of the MICAL-Rab8.GDP complex indicating that it is Rab8 in the active GTPbound form the likely physiological activator of MICAL1.
The effect of Rab8.GppNHp on the activity of MOCH and MOCHLIM forms was instead negligible (Fig. 5) , demonstrating that MICAL RBD is necessary to bind Rab8.
The finding that only one Rab8 molecule is sufficient to cause MICAL1 activation suggests that the MICAL1 fragment N-terminal to the RBD (Fig. 1) masks one of the Rab-binding sites detected with the isolated RBD (most likely Site 1/Site N), leaving only one site (most likely Site 2/Site C, which is conserved in all bMERB domains) available for binding. As an alternative, binding of Rab with high affinity to one of the sites (Site 2 or Site C) would not result in MICAL activation, which would depend on the interaction of Rab8 with Site 1 (or Site N), as suggested before. 45 However, from inspection of the data of Figure 4 , this case is unlikely since we did not observe any deviation from hyperbolic increase of v/E at low Rab8 concentrations where tight binding of a first Rab molecule to MICAL1 would have led to a "lag" in the curve. The observed apparent dissociation constant of the MICAL1-Rab8.GppNHp complex in the range of 5-10 μM is one or two orders of magnitude higher than that measured for the Rab-binding sites in the isolated MICAL1 RBD [0.5 μM for Site 1 (or Site N) and 50 nM for the C-terminal site 2 (or site C)], but well within the range of the dissociation constant measured for MICAL1 RBD and Rab1 (2 μM) 45 or Rab35 (5-10 μM). 46 The increased K d can be in part rationalized assuming that Rab8 binds to the fraction 1). The values of the parameters used to draw the curves are in Table I . The NADPH oxidase activity of MICAL1 was measured in 20 mM Hepes/KOH buffer, pH 7.5, 2 mM MgCl 2 , 2 mM DTT (Hepes), or the same buffer containing 50 mM NaCl (Rab buffer) in the presence of varying concentrations of Rab8 forms and 120 μM NADPH. The v/E values were fitted to eq. (1), which describes a model in which the activity increases from a constant value in the absence of Rab8 (k −Rab ) to a maximum value (k +Rab -k −Rab ) upon formation of a 1:1 complex between MICAL1 and Rab8 whose dissociation constant is indicated as K Rab . Figure 5 . Effect of Rab8.GppNHp on the NADPH oxidase activity of MICAL1 MOCH and MOCHLIM truncated forms. Activity assays were carried out at 25 C in Rab buffer in the presence of 100 μM NADPH and varying concentrations of Rab8.GppNHp.
MICAL1 MOCH or MOCHLIM forms were 0.18 μM each.
of MICAL in the open/active form stabilizing it, thus taking into account a double equilibrium, and in part by taking into account possible interference of the rest of the protein with binding. In this respect, it is worth reminding that a 10-fold increase of a K d value is associated with an increase of only 5.7 kJ/mol in the free energy change at equilibrium.
Effect of Rab8.GppNHp on the apparent steadystate kinetic parameters of the NADPH oxidase reaction of MICAL1
The steady-state kinetic parameters of the NADPH oxidase reaction of MICAL1 were measured in Rab buffer in the absence and in the presence of Rab8. GppNHp (10 μM). As shown in Figure 6 , Rab8 does not alter the hyperbolic dependence of v/E as a function of NADPH, and it mainly has an effect on the apparent k cat of the reaction. The finding, by kinetic analyses, of an apparent dissociation constant of 5-10 μM for a 1:1 complex between MICAL and Rab8.GppNHp would be consistent with either the hypothesis that the N-terminal fragment comprising the MO, CH and LIM domains, as well as part of the C-terminal region of MICAL1, abolishes the low affinity binding site at the Nterminus of the RBD (Site 1), while the second Rabbinding site, at the very C-terminus of MICAL1, is the one we detect although with weakened binding.
However, binding of Rab8 to a site with nM affinity may be slow and may not be detected in our activity assays. To test this hypothesis, we measured the NADPH oxidase activity of MICAL1 that had been incubated with Rab8.GppNHp for up to 18 h (Table II) . No activity increase other than that observed immediately after MICAL addition to an assay mixture containing Rab8 and NADPH took place.
To further test the possibility that MICAL1 and Rab8 could form a tight complex, which cannot be detected by activity measurements, we turned to SEC in house and, later, coupled to SAXS measurements in the SEC-SAXS format described below. Cochromatography of Rab8 and the isolated MICAL1 RBD had been indeed observed. 45 Samples (200 μl) of MICAL1 (13 μM) or Rab8. GppNHp (25 μM) alone and of MICAL1 (13 μM) and Rab8.GppNHp (25 μM), after preincubation on ice for 4 h, were loaded on a Superose 12 column in Rab buffer [ Fig. 7(A) ]. The MICAL-containing fractions (0.5 ml) were analyzed by absorption spectroscopy, activity and SDS-PAGE. No indication of co-elution of Rab8 with MICAL1 was obtained from SDS-PAGE or the specific activity values measured on fractions collected during the chromatography (not shown), supporting the kinetic data that indicate that only a low affinity Rab-binding site is present in full-length MICAL1. However, that MICAL1 and Rab8 had interacted prior to gel filtration was evident from the comparison of the chromatograms shown in Figure 7 (A). When MICAL1 alone is chromatographed (Fig. 7 , thin line), the main peak is preceded by a shoulder, which also contains MICAL. Rab8 alone elutes as a well-defined peak [ Fig. 7 (A), dashed line]. When the MICAL1-Rab8 mixture was chromatographed [ Fig. 7 (A,) thick line] the leading shoulder of the MICAL peak disappeared and MICAL peak was sharper, although at the same elution position as in the previous chromatogram. Rab8 eluted at a lower volume in a broader peak than when chromatographed alone indicating an equilibrium between free and MICALbound Rab. The results have been confirmed and extended by carrying out SEC-SAXS measurements using higher protein concentrations (see below). Assuming that MICAL aggregates are stable when the protein is diluted in the assays and that they are inactive, their dissociation caused by Rab8 is not sufficient to justify the 3-4-fold increase of activity we observed. By calculating the ratio of the areas underlying the shoulder and the main peak with the Unicorn software controlling the AKTA apparatus, we calculated that the shoulder contains only 23% of the eluted protein, which may lead to only a 23% increase of activity.
During gel filtration chromatography on Superose 12 or Superose 6 column that had been calibrated with standard proteins, full-length MICAL1 (main peak) eluted with an apparent mass of~160 kDa regardless of the buffer (50 mM sodium phosphate, pH 7.5, 100 mM NaCl, 5-10% glycerol, 1 mM DTT, 1 mM EDTA or Rab buffer) and the gel filtration column (Superose 12 or Superose 6) indicating that the protein may exist in solution as a mixture of monomers (112 kDa) and dimers (224 kDa) in rapid equilibrium, as a non-globular monomer or as a compact dimer.
The possibility that MICAL1 dimerizes and whether the dimerization may stabilize the inactive or the active conformations of MICAL and/or be influenced by the presence of Rab8 was studied by SAXS.
The quaternary structure of MICAL1 and the MICAL1-Rab8 complex Batch SAXS measurements on MOCH (0.8-12 mg/ml) confirmed that the protein is monomeric and the scattering data were consistent with the scattering computed from the published high resolution structure of the mouse MICAL1 MOCH form (PDB ID: 4TXI 34 ; Fig. 8 and Table III) . In this respect, it should be noted that batch SAXS measurements were essential 1.5 μM MICAL1 was incubated in the absence or in the presence of 9.8 μM Rab8.GppNHp in Rab buffer, on ice, for the indicated times. 120 μl aliquots were transferred in a microcuvette, equilibrated at 25 C before starting the reaction with the addition of NADPH (140 μM). to establish the relative positioning of the MO and CH domains in crystals in the absence of electron density connecting them. 34 MOCHLIM and full-length MICAL1, as well as MICAL1-Rab8.GppNHp mixtures, were also analyzed in batch mode, but the samples demonstrated a tendency to partial multimerization (data not shown). In order to remove the influence of the small fraction of aggregated protein that could be present in solution (see Fig. 7 ), SAXS measurements were performed directly on the eluate of the gel filtration (size exclusion) chromatography column (Fig. 7 , panels B and C). 55 In such SEC-SAXS mode, measurements are conducted every second, i.e. at a flow rate of 0. (Table III) could be explained by a higher mobility of the domains in the MOCHLIM construct, which is also reflected in the lower elution volume of MOCHLIM, as compared to MICAL1 [ Fig. 7(B) ].
The study of a mixture of full-length MICAL (4.6 mg/ml, 39 μM) and Rab8.GppNhp (11 mg/ml, 450 μM) that had been pre-incubated in the cold for 7 h yielded the chromatographic profile shown in Figure 7 (C). As observed in the previous "in house" experiment with lower MICAL and Rab8 concentrations [ Fig. 7(A) ], pre-incubation with Rab8 led to the disappearance of the aggregated species preceding MICAL main peak and to a broad Rab8.GppNHp peak. Interestingly, the first peak appeared to elute at a smaller volume than when MICAL was chromatographed alone [compare thin and thick traces in Fig. 7(C) ].
The SAXS measurements on the eluate corresponding to the first main protein peak again showed that only one species was present, while the characteristics of the protein species in the second peak fully confirmed that the unbound Rab8 is monomeric under these conditions.
The excluded volume of the species in the main peak was 234 nm 3 , thus higher than that measured for free MICAL1 (212 nm 3 ) pointing to the formation of a MICAL1-Rab8 complex.
To further test this hypothesis and to gain structural information on MOCHLIM, MICAL1, and the hypothetical MICAL-Rab complex, an attempt was made to construct a consensus model fitting simultaneously all three scattering curves from MOCHLIM, MICAL1, and MICAL1-Rab8.GppNHp (Fig. 8) . For this purpose, the program Coral, which allows flexible fitting of the SAXS profiles by hybrid models of multidomain proteins, was employed. 56 For the MOCHLIM analysis, the high resolution structures of mouse MICAL1 MOCH (PDB ID: 4TXI 34 ), and a model of the human MICAL1 LIM domain solved by NMR (PDB ID: 2CO8) were used (Fig. 1) . For the full-length MICAL1 and MICAL1-Rab8.GppNHp complex, in addition to the domains used to model MOCHLIM, the crystallographic model of the human MICAL1 RBD (Residues 918-1060; PDB ID: 5LPN, Chain B
45
), as well as a structural template made from RBD domain bound to one or two Rab10.GppNHp (from 5LPN), were utilized. The 779-907 region between the LIM and the RBD was modeled as a globular all-α domain according to Robetta, 57 which predicted it to be related to part of protein TM0771 from Thermotoga maritima msb8 (PDB ID: 2GNO, Fig. 1 ). The other missing parts were represented as potentially flexible chains of dummy residues. It was not possible to fit the three curves simultaneously (data not shown), but both combinations of the scattering data from two constructs (i.e., MOCHLIM and MICAL1, or MICAL1 and MICAL1-Rab8.GppNHp) could be neatly fitted (Fig. 8) . This result suggested that a conformational change occurs in the MOCHLIM domain upon Rab binding, which preserves the overall shape of MICAL1.
A common model of free MOCHLIM and MICAL1 fits the two datasets with discrepancy χ 2 = 1.63 and 1.86, respectively [for the shorter construct, the reduced number of domains is taken into consideration during the fitting; Fig. 8(A) , red line in MOCHLIM and MICAL1 curves] yielding the MICAL model in Figure 8 (B). MICAL1 and MICAL1-Rab8. GppNHp were fitted together, while assuming 1:1 MICAL1-Rab8.GppNHp complexes in the two alternative positions of Rab (Site 1/Site N or Site 2/Site C) on the surface of RBD, and also in a 1:2 stoichiometry as in the crystallographic structure of MICAL1 RBD in complex with Rab10 (PDB ID: 5LPN, Fig. 3 ). No good fit could be obtained for the latter stoichiometry with two curves fitting (data not shown). In contrast, both 1:1 complexes built by Coral yielded good fits to the observed data (Fig. 8 , blue lines MICAL1 and MICAL1-Rab curves). When Rab was modeled bound to Site 1 (or Site N) we obtained χ 2 values of 1.52 and 1.28 for full-length MICAL1 (Fig. 8 ) and the MICALRab complex, respectively; for Rab bound to the second position (Site 2 or Site C), χ 2 values of 1.37 and 1.39 were obtained. These findings support a 1:1 stoichiometry of the MICAL1-Rab8.GppNHp. Still, the modelling of the 1:2 complex against its scattering curve alone was possible, but with larger discrepancy (χ 2 = 1.5) as compared to either 1:1 case (Fig. 8, MICAL1 -Rab curve, green line). This result suggests that the 1:2 configuration is less likely than either one of the 1:1 complexes. The MICAL model derived by fitting the MOCHLIM and free MICAL1 SAXS measurements [ Fig. 8(B) ] reveals a monomeric compact structure in which the RBD may inhibit the catalytic activity of MO by preventing the conformational changes that are part of the catalytic cycle. 21, 22 In this conformation, the conserved Rab-binding site (Site 2 or Site C) is accessible so that Rab8 can bind and destabilize the auto-inhibited conformation of MICAL1. Both Coral-derived models of possible MICAL1-Rab8 1:1 complexes show compact structures and appear to imply important conformational rearrangements in MICAL1.
As a caveat, we would like to note that the calculations made here represent tentative overall models and by no means should be considered as high resolution atomic structures.
Discussion
The interaction between MICAL and Rab8 was studied in order to contribute to understand, on a quantitative basis, the effect of Rab8 on MICAL1 activity.
As predicted by the binding of Rab proteins at the C-terminus of MICAL1, 45, 46 and by the initial model of the auto-inhibition of MICAL activity by its C-terminal region (Fig. 2) , 42 the active form of Rab8 caused an increase of the NADPH oxidase activity of full-length MICAL1, but not of the truncated MOCH and MOCHLIM forms, indicating that also in the full-length protein the Rab-binding site is confined to the recently identified RBD. 45, 46 Under our experimental conditions, Rab8.GDP also forms a complex with MICAL1, but with a 10-fold lower affinity with respect to the Rab8.GppNHp form when nonspecific interactions are removed with the inclusion of 50 mM NaCl in the buffer. The activating effect of Rab8.GppNHp on MICAL1 activity was consistent with the formation of a MICAL1-Rab complex in a 1:1 stoichiometry with an apparent dissociation constant of 5-10 μM. In contrast with results obtained with the isolated MICAL1 RBD, 45 no evidence for a high affinity Rab-binding site was obtained kinetically and by size-exclusion chromatography of a mixture containing MICAL1 and Rab8.GppNHp in a 1:2 molar ratio. Thus, it appears that the MOCHLIM fragment and part of the C-terminal region upstream of the RBD may mask one of the Rab-binding sites found in the isolated MICAL1 RBD. The K d measured kinetically is approximately two orders of magnitude higher than that measured for the conserved Site 2 (or Site C) in the isolated RBD (~50 nM), 45 but it is in the range of the dissociation constants measured for Rab1 and Rab35. 45, 46 The decrease of apparent affinity may be in part justified by the fact that Rab may bind to the fraction of MICAL1 in the open conformation and in part by subtle differences in the precise geometry of the complex. The precise arrangement of Helices 1 and 2 and the interaction of Rab8 N-terminal residues with Helix 2 appear to be responsible for the higher affinity of Rab8 than that of Rab1 to bMERB Site 2 (Site C). 45 Previous work on MICAL-RBD/Rab interaction 45 prompted us to analyze in greater detail the oligomeric state of MICAL1. The isolated MICAL1 RBD chromatographed as a monomer 45 and appeared monomeric also in crystals (PDB ID: 5LEO). 46 However, the MICAL3 RBD was dimeric. 45 In order to establish if MICAL1 could dimerize and if dimers could stabilize its active or inactive conformations we turned to SEC-SAXS. The experiments indicated that MICAL1 is monomeric, thus making it unlikely that dimerization stabilizes one of the MICAL conformations (Fig. 2) . Using the known high resolution structures of the MO, CH, LIM, and RBD of MICAL1, and a model of part of the region linking the LIM and the RBD, flexible fitting of the SAXS data led to a first tentative model of full length MICAL1 [ Fig. 8(B) ].
Within the limits of the analysis, the model is consistent with an inactive state of the catalytic flavoprotein (MO) domain of MICAL1 in which the conformational changes that are believed to be part of the catalytic cycle 21, 22, 33 are prevented. In this model, the Rab-binding site located at the C-terminus of the protein (Site 2 or Site C), which is conserved in all bMERB domains, is on the protein surface and, therefore, accessible to Rab8. At the high MICAL1 and Rab8 concentrations used for the SEC-SAXS experiment, MICAL1 appears to elute in complex with Rab8. Data analysis supports the formation of a MICAL1-Rab8 1:1 complex, which would be consistent with the results of the kinetic analyses. Unexpectedly, modeling also suggests that Rab8 binding may imply important conformational rearrangements of MICAL1. Thus, the simple scheme of Figure 2 , which involves just repositioning of the C-terminal region in the transition between the auto-inhibited and the active conformation may need to be revised, should these models be confirmed by high resolution structural work.
In conclusion, this series of experiments confirms and extends the identification of the Rab-binding domain at the C-terminus of MICAL1, 45, 46 but indicates that in the full-length protein, only one Rab molecule, regardless of its subclass, binds with an affinity in the μM range. This finding supports a modulatory role of this class of proteins on MICAL1 activity in the cell by making MICAL1 sensitive to small changes of the concentration of their active forms. By binding to the MICAL's C-terminal region, Rab relieves MICAL's auto-inhibition shifting the conformational equilibrium toward the active MICAL form (Fig. 2) in which the flavoprotein domain can express its full catalytic power in the H 2 O 2 -producing NADPH oxidase reaction and the NADPH-dependent actin depolymerizing activity, regardless of the mechanism. Finally, besides extending the first in vitro characterization of the interaction of MICAL1 with one of its protein effectors, these experiments allowed us to present a first tentative model of full-length MICAL1, in the isolated -mainly inactive -(closed) conformation.
Materials and Methods
Chemicals
Chemicals were purchased from Sigma-Aldrich s.r.l (Milano, Italy).
MICAL and Rab8 production and handling
Human full-length MICAL1 and the MOCHLIM, MOCH, and MO truncated forms were produced and purified as described in Refs. 21, 22 . Prior to each experiment aliquots of purified enzyme solutions (100-500 μl enzyme solution in 50 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl, 10% glycerol, 1 mM DTT, 1 mM EDTA) were thawed, centrifuged at 12,000g for 10 min at 4 C. The supernatant was gel filtered through Sephadex G25 (medium) (PD10 -prepacked disposable columns, GE Healthcare, Little Chalfont, United Kingdom), Superose 12 (GE Healthcare) or BioSpin (Bio-Rad Laboratories, Segrate, Italy) columns equilibrated and eluted with 20 mM Hepes/NaOH buffer, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 , 2 mM DTT (Rab buffer). The latter buffer was chosen to reproduce the conditions of Rai et al. 45 MICAL-containing fractions were pooled and stored on ice. If needed, MICAL was concentrated by ultrafiltration with an Amicon ultrafiltration apparatus equipped with a YM30 membrane or a Microcon-30 centrifugal concentrator (Merck Millipore, Milano, Italy). MICAL was stored on ice in the dark up for to 2 days. Under these conditions, the enzyme was stable as judged by no loss of NADPH oxidase activity, no change in the absorption spectrum and no protein degradation upon SDS-PAGE analysis. 58 MICAL concentration was determined from its extinction coefficient at 458 nm of 8. Rab8 in complex with GDP or with guanosine 5 0 -[β,γ-imido]triphosphate (GppNHp), a nonhydrolyzable GTP analog used to stabilize the active Rab conformation, was produced and purified as previously described. 45, 59, 60 Prior to each experiment, aliquots (30 μl) of human Rab8 in complex with GppNHp (~1 mM) or with GDP (~1 mM) in Rab buffer were thawed on ice and centrifuged at 12,000g for 10 min at 4 C in a microfuge. The protein concentration was determined from the absorbance at 280 nm using the calculated extinction coefficient of 27.705 mM −1 cm −1 , which takes into account the presence of the bound nucleotide. 60 A mass of 23, 862 was used to calculate the protein concentration in mg/ml.
NADPH oxidase activity assays
The NADPH oxidase activity of MICAL forms was measured spectrophotometrically in a HP8453 diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at 25 C in quartz cuvettes. The initial velocity of NADPH oxidation was calculated by using the NADPH extinction coefficient at 340 nm of 6.23 mM
Standard activity assays (in 125-1000 μl) contained 20 mM Hepes/NaOH buffer, pH 7.0, and 0.1 mM NADPH. 22 MICAL forms (< 20 μl in 1 ml assays) were added to start the reaction at a final concentration of 0.03-1.5 μM, depending on the enzyme form.
To determine the effect of Rab forms on MICAL's NADPH oxidase activity, assays (125-250 μl) were carried out in 20 mM Hepes/NaOH buffer, pH 7.0 (standard buffer), 20 mM Hepes/NaOH buffer, pH 7.5, 2 mM MgCl 2 , 2 mM DTT or Rab buffer (20 mM Hepes/NaOH buffer, pH 7.5, 50 mM NaCl, 2 mM MgCl 2 , 2 mM DTT). Rab8 forms (0-50 μl) were added to the cuvette containing buffer and equilibrated at 25 C for 2-3 min. Recording of the absorption spectrum allowed us to verify the actual concentration of Rab8 in each assay. NADPH was then added from a 10 mM stock solution in 20 mM unbuffered Tris to a final concentration of 0.1-0.15 mM. After recording the absorption spectrum, the reaction was initiated by adding MICAL. At the end of several assays, aliquots of the reaction mixture (30 μl) were withdrawn, mixed with 10 μl of 4× SDS-sample buffer, denatured at 100 C for 5 min or overnight at room temperature and analyzed by SDS-PAGE. No proteolytic degradation of either MICAL or Rab was observed.
To determine the effect of Rab8.GppNHp on the apparent k cat and K m for NADPH of the NADPH oxidase reaction, NADPH was varied between 80 and 1300 μM. Activity assays were carried out at 25 C with the HP8453 diode array spectrophotometer, which allowed us to measure the decrease of absorbance associated with NADPH oxidation at different wavelengths. Thus, we could use the absorbance changes at 340 nm (ε, 6.23 mM −1 cm 1 ), 374 nm (ε, 2.1 mM
390 nm (ε, 0.4 mM −1 cm −1 ) for the calculation of initial velocities over the broad range of NADPH concentrations used.
Data analysis
Initial velocity values were expressed as apparent turnover numbers (v/E) in s −1 by dividing the calculated initial velocity of NADPH oxidation (v) by MICAL concentration (E) in the assay. The effect of Rab8 forms on the NADPH oxidase activity of MICAL was determined by fitting the initial reaction velocity values (expressed as v/E) to eq. (1), which describes a single site saturation curve with a non-zero constant value in the absence of the ligand:
When the concentration of Rab8 forms was varied, (k +Rab -k −Rab ) is the maximum effect of Rab on v/ E, i.e. the extrapolated maximum rate observed in the presence of Rab minus the v/E value measured in the absence of Rab (k −Rab ), L is the Rab concentration in μM, K is the apparent dissociation constant of the MICAL-Rab complex (K Rab ). The Michaelis-Menten equation (eq. (2)) was used to fit the data obtained by varying NADPH in the presence or absence of Rab. In this equation, k cat is the v/E value extrapolated at infinite substrate concentration; K m is the Michaelis-Menten constant for the given substrate, which will be indicated as a subscript
In all cases, the data were first analyzed in the double reciprocal form and also fitted to alternative equations to test deviations from simple hyperbolic curves, but the best fit remained that to eq. (1) or (2) .
The Grafit program (Erythacus Software Ltd. Horley, UK) was used for data fitting. Propagation of error was done according to Ref. 61 .
Gel filtration (size exclusion) chromatography
For in house experiments, aliquots (250 μl) of MICAL (~10 μM), Rab forms (~25-50 μM) or MICAL (~10 μM) in Rab buffer were preincubated with Rab8 forms (25-50 μM) for 2-4 h on ice. 200 μl aliquots were injected onto a Superose 12 column (GE Healthcare) connected to a AKTA FPLC system (GE Healthcare).
The column was equilibrated and eluted with Rab buffer at 0.5 ml/min. 0.5 ml fractions were collected and analyzed spectrophotometrically (to quantify MICAL present), by measuring the NADPH oxidase activity of MICAL-containing fractions and by SDS-PAGE. For SEC-SAXS experiments, 100 μl aliquots of MOCHLIM (~90 μM) or MICAL1 (~90 μM) were injected onto the Superose 12 column equilibrated and eluted at 0.5 ml/min in phosphate (50 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl, 5% glycerol, 1 mM DTT, and 1 mM EDTA) or Rab buffer. A mixture of MICAL1 (~39 μM) and Rab8.GppNHP (~450 μM) was chromatographed on the Superose 12 column in Rab buffer after 7 h incubation in the cold.
Small-angle X-ray scattering
Synchrotron SAXS measurements were performed at the P12 beamline of the EMBL (Petra-3 storage ring, DESY Hamburg). 62 Full-length MICAL1 and the MOCHLIM and MOCH truncated forms were transferred to 50 mM sodium phosphate buffer, pH 7.5, 100 mM NaCl, 5-10% glycerol, 1 mM DTT, and 1 mM EDTA or Rab buffer by gel filtration. Protein samples were concentrated to~10 mg/ml and frozen for transfer to EMBL-Hamburg. After thawing and centrifugation the samples were diluted to 1-10 mg/ml and centrifuged again at 13,000 rpm for 15 min in a microfuge at 4 C prior to measurements. Protein concentration of each sample was determined spectrophotometrically prior to measurements. Parameters of SAXS experiments are summarized in Table III . The scattering data from MOCH were collected in batch mode using an automated sample changer at 4 C on a flowing sample (20 frames with the exposure time of 50 ms/frame). The SAXS data from MOCHLIM, MICAL1, and a MICAL1-Rab mixture were obtained using an in-line size exclusion chromatography (SEC-SAXS) set-up at room temperature. SAXS curves were measured every second on the eluate of the Superose 12 column (see previous paragraph for conditions). For both the batch-and the SEC-SAXS, the data reduction, radial averaging, and statistical analysis (e.g., to detect radiation damage, or scaling issues between frames) were performed using the SAS-FLOW pipeline. 63 Statistically similar SAXS profiles were averaged and the buffer scattering subtracted to produce I(s) versus s scattering profiles (here, s = 4πsinθ/λ, 2θ is the scattering angle and λ is the wavelength). The SEC-SAXS data were processed with CHROMIXS 55 to select the elution peak and the buffer scattering regions in the chromatographic profile. SAXS data were analyzed using the ATSAS software package, 64 and the primary data processing was performed using PRIMUS. 65 The forward scattering I(0) and the radii of gyration (R g ) were evaluated using the Guinier approximation, 66 assuming that at very small angles (s < 1.3/R g ), the intensity is represented as I(s) = I(0) exp(− (sRg) 2 /3. The maximum dimensions (D max ) were computed using the indirect transform program GNOM, 67 which also provides the distance distribution function p(r). Hybrid modelling was performed with Coral, 56 which represents domains with known structure as rigid bodies and the linkers between them as chains of dummy residues. Multiple curves fitting using the data collected from the fulllength protein and from its deletion variant (MOCHLIM) was performed. Scattering from intact models was made by Crysol, 68 which searches for the optimal values of hydration shell contrast, average atomic group radius and the total excluded volume to fit the experimental data I exp (s) by minimizing the discrepancy χ 2 :
where N is the number of experimental points, c is a scaling factor, and I calc (s) and σ(s j ) are the calculated intensity and the experimental error at the momentum transfer s j , respectively.
Data deposition
The experimental SAXS data and models were deposited into SASBDB database (www.sasbdb.org 69 ) with accession codes SASDDR9 (full length human MICAL1), SASDDS9 (MOCHLIM), SASDDT9 (MICAL1-Rab8. GppNHp complex), and SASDDU9 (MOCH).
